Abstract. The application of large eddy simulation (LES) to turbulent reacting flow calculations is faced with several closure problems. Suitable parametrizations for filtered reaction rates for instance are hardly available in general. A way to overcome these problems is investigated here. This is done by extending LES equations for filtered velocities and scalars (mass fractions of species and temperature) to equations that involve subgrid scale (SGS) fluctuations. Such equations are called filter density function (FDF) methods because they determine the FDF, which is essentially the probability density function of SGS variables. The FDF model considered involves only three parameters: C 0 that controls the generation of velocity fluctuations and two parameters which determine the relaxation of velocity and scalar fluctuations. The consideration of this model may be seen as the analysis of a limiting case: the implications of the most simple equations for the dynamics of SGS fluctuations are investigated in this way. These equations were proved recently by various simulations. Here, the FDF model is used analytically to improve simpler methods. Existing models for the SGS stress tensor in velocity LES equations and the diffusion coefficient in scalar FDF equations are generalized in this way. The advantages of these models compared to existing ones are pointed out. These investigations provide further evidence for the suitability of the FDF model considered and they provide its parameters. A theoretical value C 0 = 19/12 is derived, which agrees very well with the results of direct numerical simulation. This estimate implies the same value for the universal Kolmogorov constant of the energy spectrum, which is consistent with the results of many measurements. The other two model parameters can be obtained then by dynamic procedures. Therefore, the closure problems of LES equations are overcome in this way such that adjustable parameters are not involved.
Introduction
The calculation of turbulent reacting flows by means of direct numerical simulation (DNS) is found to be unfeasible for many relevant flows. The simplest way to overcome this problem is the use of Reynolds-averaged Navier-Stokes (RANS) or probability density function (PDF) equations [14, 33] . The latter methods generalize RANS methods through the incorporation of the dynamics of fluctuations, which is relevant because it enables the exact treatment of the effects of sources (chemical reaction rates). However, the use of RANS and PDF methods becomes problematic if nonequilibrium flows have to be calculated. That are flows which involve for instance large-scale flow structures or the binary mixing of scalars. To simulate them one has to apply PDF or RANS models that are significantly more complex than simple models applied usually [13] . This leads to a need for the development of alternative methods.
Such an alternative method is given by large eddy simulation (LES). Largescale processes are resolved without approximations within this approach, which enables predictions that are often found to be more accurate than those of RANS equations [23, 29, 33, 37] . Nevertheless, the use of LES requires the modeling of subgrid scale (SGS) processes. For this reason, the application of LES to reacting flows is faced with the same problem as the use of RANS methods: such LES equations are characterized by the appearance of unknown filtered reaction rates for which accurate parametrizations are unavailable in general. A way to overcome this problem is the use of the PDF methodology to extend LES equations to equations for instantaneous velocities and scalars. This was suggested by Givi One way to use FDF methods is their application to flow simulations. Basically, this was done recently by adopting hybrid FDF methods where the velocity field is calculated by means of conventional LES equations and the scalar transport by a FDF transport equation [2, 15, 34, 45] . Such methods apply algebraic approximations to close the SGS scalar flux in terms of scalar gradients (see the explanations given in the Appendix B). A more general approach consists in the stochastic simulation of both velocity and scalar fields. Such calculations are feasible as shown by Gicquel et al. [8] who performed the first FDF simulations of velocity fields (scalars were not involved). Nevertheless, it turned out that the effort related to the use of velocity-scalar FDF methods is very high. The simulation of velocity fields is six times less expensive than DNS, but it requires 15-30 times more effort than LES methods [8] .
Another way to use FDF methods for velocities and scalars is their application to the construction of simpler (hybrid) FDF methods, which are more efficient. This question will be addressed here. First, this is done to improve existing velocity LES and scalar FDF methods by assuring the consistency of these methods. This means for instance that the same model for instantaneous velocities is used to calculate (within the frame of a hybrid method) filtered velocities and the transport of scalars in physical space, or different contributions to algebraic expressions for the SGS stress tensor. The application of such consistent methods was found to be
